Controlling of Wind Generation System (WGS) is a vital process to adjust the value of voltage fluctuation that linked to the grid under variations of wind speed. In this paper, a variable speed wind-turbine unit coupled with permanent-magnet synchronous generator is modeled. STATCOM-control methodologies are established on the basis of two controllers; PI controller and Self-Tuning Fuzzy Logic PI-Controller (STFPC). Laboratory model of the WGS using DC motor with an armature current control is designed to achieve a real time simulation of the system. The results are evidenced on the validation of the suggested controlling methodologies. The paper presents experimental comparisons of STFPC with PI-controller. Also, the superiority of utilizing STFPC over PI-controller has been proven.
I. INTRODUCTION
Due to growing concerns about pollution and enhancing ecological circumstances, the coordination of wind power generation systems for the power grid has expanded substantially since the former decade It is notable that wind energy generation process relies on wind speed alteration that influences the stability and the reliability of the grid numerous studies are interested in this point, these studies are focused on the factors affecting the stability of the electrical network, improving the reliability of the grid, the power quality and controlling the wind speed to achieve the maximum benefit [1] - [9] .
The size of the Wind-Turbine (WT) installations has increased from 300 KW to 5 MW capacity range in the last 27 years. The prime obstacle of utilizing the wind as a master resource of energy is the unpredictable occurrence of the wind. The issue turns out to be how to maximize the energy captured from the wind. Also, the significant alternation in wind velocity causes fluctuations in the output-voltage gained from the wind energy generation system. Consequently, a control process is required to conserve the voltage transferred to the grid within defined limits [10] , [11] . One of the devices that get great importance in modern electrical systems, which The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wu. are utilized to regulate the voltage to be stabilized with the grid, is the static compensator (STATCOM). STATCOM can achieve this goal via delivering reactive power through specified controlling methods [12] - [18] .
Utilizing Permanent-Magnet Synchronous Generator (PMSG) in Wind-Turbine Units (WTU) has taken great attention in recent years [19] - [24] . As PMSG could be run in variable speeds so extraction of the maximum power can be achieved [25] , [26] . STATCOM is considered as a powerful tool for controlling the voltage on account of its ability of governing the reactive power of the grid [27] , [28] . STATCOM is utilized in this research to stabilize WTU voltage that linked to the grid.
Fuzzy logic control is a powerful type of adaptive frameworks [29] - [32] . Fuzzy logic strategy has recently emerged strongly in power networks using renewable energy [33] - [36] . Self-Tuning Fuzzy Logic PI-Controller (STFPC) is a vigorous controller because of its ability to handle the nonlinearity and uncertainty of complex systems without involving any mathematical relations. STFPC is employed in this work to adaptively tune the gains of the PI-controller.
This STATCOM-based controlling process, which is applied in this research, is divided into two strategies; firstly, only PI-controller is applied, then a self-tuning fuzzy logic PI-controller is utilized. This research is focused on regulating the voltage of a WGS via STATCOM in order to stabilize the grid voltage. Two controlling inner loops are employed to govern the magnitude and phase of the STATCOM output-voltage. And to conduct this study, this paper is subdivided in two parts. One of these parts is a simulation study and the other part is an experimental study.
The laboratory model includes an experimental simulation of the wind-turbine using a DC motor with an armature current control loop. PWM inverter is employed to provid constant frequency AC source for the load. Software routines that forming real-time control techniques are developed utilizing MATLAB software and LABVIEW program. These routines are implemented on a personal computer. Fast and accurate digital and analog interfacing facilities are included with the computer. Several changes of wind speed are applied to WGS then the system response is recorded. Finally, experimental comparison based on the recommended control techniques is performed.
II. WIND GENERATION SYSTEM
This article utilizes a system composes of a Permanent-Magnet synchronous generator driven by Wind-Turbine Unit (WTU) and, an AC/DC converter bridge. The bridge is utilized to rectify the generator output-voltage. For ripples minimization; LC filter is employed which represent the DClink of the network. Also an inverter is installed. The switches of the inverter are normally fired utilizing a sinusoidal pulse width modulation mechanism. In addition, Static Compensator (STATCOM) is utilized to adjust the output-voltage of the inverter to attain the grid requirements. Also, a transmission line, local static load and grid are included. A schematic diagram of the entire system is illustrated in Fig. 1 .
A. WIND TURBINE-UNIT
The conversion of the wind force to a mechanical power is carried out over the wind-turbine rotor blades. Thus, the mechanical output-power is turned into electrical energy via PMSG. WT acts as a prime-mover for the generator. In practice, WTU is coupled to PMSG shaft through a gearbox.
The mechanical power P mech captured by WTU depends on its power coefficient c p , given for a certain wind velocity v. this power could be subedited as follows:
where λ is the tip speed ratio of the rotor blade, σ is the blade pitch angle, ∂ is the air density and A is the area of the blade that subjected to the wind. The rotor mechanical torque T mech can be defined as follows:
where ω r is the rotor angular velocity. The parameters of the 5 kW wind-turbine unit, that is utilized in this research, are listed in Table 1 .
In designing the suggested WTU, on the basis of the above mentioned mathematical equations, the maximum power coefficient is selected to be 0.44 at optimal tip speed ratio of 5.8. Consequently the gear-box is constructed to enforce the turbine to operate at rated wind speed to draw out the maximum power from the wind [37] . Fig. 2 shows the relation between the tip speed ratio and the turbine power during different wind speeds with fixed pitch angle at 8 degrees. It can be observed that the maximum power, regardless the wind speed value, is happened at the selected tip speed ratio.
For PMSG, The relation between the torque and mechanical velocity ω m is governed through the following for-mula [38] :
where T g denotes the elector-magnetic torque, j is the moment of inertia and q describes the friction effect.
B. PMSG MODEL
Compared with other variable speed wind-turbine technology, PMSG is more efficient, smaller in size and easier to control. In order to model PMSG, a set of equations that describes the dynamics behavior of the generator must be taken into consideration. These equations are represented in the d-q frame as follows [19] , [20] :
where R is the stator phase winding resistance, L d is the stator inductance in the direct axis, L q is the stator inductance in the quadrature axis, ω elec is the electrical rotating velocity,
are the d-q frame stator voltages and λ m is the flux linkage of the permanent magnet.
The electro-magnetic torque T e , active power P g and reactive power Q g are formulated in the d-q frame as follows:
III. STATCOM CONTROLLING STRATEGIES
The procedure of the controlling process of STATCOM can be outlined as follows: -In the beginning, the 3-phase voltages and currents is converted to the d-q frame via phase-locked loop.
-DC voltage of STATCOM as well as d-q components is measured.
-Two controlling loops are constructed; the first loop consists of an AC voltage regulator based on the outputvoltage of the inverter. The output of this loop I dref is utilized to control active power flow. The second loop contains a DC voltage regulator based on the DC voltage of STATCOM. The output of this loop I qref is employed to control reactive power flowing. These two loops are illustrated in Fig.3 and Fig. 4 .
-The outputs of the loops are linked to a current regulator that governs the magnitude and phase of the STATCOM output-voltage (voltage control mode).
In voltage control mode, the amount of voltage that should be injected to the grid bus is determined in order to compensate the inverter voltage. Hence, this compensated voltage is tuned by altering the firing angle of STATCOM controller. The output signal (Vc) of the suggested controller is utilized to predetermine the adequate firing angle of the IGBTS compensator of STATCOM. In this work, the STATCOM control procedure is based on two controllers; PI-controller and self-tuning fuzzy logic PIcontroller.
A. PI -CONTROLLER
The PI-controller is the simple type of controllers that could be applied to the system. The controller gains are fixed and designed employing trial and error at a certain operating condition. The pulse transfer function G d (z) of PI-controller could be subedited as follows:
where K P and K i are the gains of the controller. In order to fulfill the leading performance of PI-controller, the following values are selected; K P = 0.51 and K i = 3.
B. SELF-TUNING FUZZY LOGIC PI-CONTROLLER
A need for an adaptive tool, such as fuzzy logic, is vital due to the fixed gain feature of PI-controller which limits the controlling process under particular operating conditions. The fuzzy self-tuning PI-controller (STFPC) is intended to update the controller gains (K p , and K i ) to enhance the performance of the STATCOM. The output voltage of the suggested controller (V c ) is employed for determination of STATCOM's firing angle. The block diagram of STFPC is illustrated in Fig. 5 .
where G e , G er and G o are the gains of the fuzzy logic controller. The error (e) and the error rate of change (er) based on the inverter output-voltage are utilized as inputs to the suggested controller. Fuzzy logic structure, including linguistic variables, base rules, and membership functions, is selected to realize the goal of this manuscript. The simulation model of the WTU based on MATLAB software, employing selftuning fuzzy logic PI-controller, is illustrated in Fig. 6 .
IV. SIMULATION RESULTS
The controllers under study are stratified to 5 kW windturbine unit. The validity of the controllers is tested through applying a small step change in wind speed and recording the effects of this change on the system. This change in wind speed is stimulated to be altered from 12 m/sec to 8 m/sec and return to 12 m/sec again.
During these tests, the following parameters are monitored; rotor speed, inverter voltage (reading Root-Mean-Square), active and reactive power, generator voltage. The performances of the PI-controller, and STFPC are illustrated in Fig. 7 and Fig. 8 , respectively, showing wind speed (m/sec), rotor speed (rad/sec), inverter voltage (V), active power (W) and reactive power(VAR) when a step changes in wind speed is applied.
Based on the results, it can be observed that the reaction of two controllers, due to wind disturbances, is fast and the stability behavior is solid. From Fig. 7 & Fig. 8 , it can be noticed the superiority of utilizing STFPC over PI-controller. STFP's superiority is due to; its rapid access to the stability position and its ability to reduce overshoots to a lesser extent compared with PI-controller.
V. LABORATORY MODEL
In this section, laboratory model of the WGS utilizing STATCOM is intended to achieve real time simulation of the system. Experimental simulation of a wind-turbine unit is included, using DC motor with an armature current control. The control process is fulfilled using a Personal Computer (PC) with digital and analog interfacing facilities. Reliable software is built utilizing MATLAB software and LABVIEW program.
A description of the design and implementation of the laboratory model of WGS is presented in this section. The suggested WGS scheme consists of; a practical simulator of a Wind-Turbine Unit (WTU), WTU is coupled with PMSG, converter, and a pulse width modulated inverter, fed from a DC link. In addition, a STATCOM is implemented to stabilize the inverter voltage under different wind velocities. Root-Mean-Square sensor is utilized to obtain the r.m.s. value of the inverter voltage. WGS is linked, through a filter, to an infinite bus of constant voltage and frequency. A laboratory PC is facilitated to execute multi-control loops that required essentially for the laboratory model operation. Interfacing cards are employed for digital inputs/digital outputs and data acquisition of the model variables. Several transducers are used to obtain an acceptable conditioning for the DC link current and voltage with precision accuracy. Laboratory model of WGS employing STATCOM is shown in Fig.9 illustrating the closed loop current control of the DC motor armature circuit.
Transducer based on Hall-effect is employed to convert the armature current of the DC motor into voltage signal. Also, a tacho-generator is utilized to transform the rotor speed into a voltage signal. Synchronization between WGS and the grid is fulfilled through an inverter via designing a suitable firing circuit. The suggested controller output signal (V C ) controls the firing angle of STATCOM which controls the inverter voltage.
A. WIND-TURBINE DESIGN
The suggested Wind-Turbine (WT) simulator consists of a separately-excited DC motor. The DC motor, utilized to simulate the real wind turbine is controlled with a half-controlled rectifier bridge. For a particular wind speed, the mechanical power is calculated from the equations mentioned in section II. Then, the electrical torque T is determined using the measured motor speed N r . Consequently, the reference armature current I a−ref is found by using the torque of the DC motor as follows:
where K t is denotes the torque constant of the DC motor. Subtracting the measured armature currentI a from the reference current represents the error signal e I which can be determined as follows: Finally, the firing angles of the half-controlled rectifier bridge are calculated using a closed loop current control of the DC motor armature circuit. This control loop utilizes a PI-controller that is utilized to govern the controlling voltage V con. , which represents the output of the PC via interfacing card, by determining the instants of firing pulses based on the following formulas: V con. s = K PA e I + K IA e I dt (12)
where K PA and K IA are proportional and integral controller gains, respectively, while, V con.−ref is the reference controlling voltage. Several disturbances are applied on the laboratory model of wind-turbine with stand-alone load to show the validity of the experimental WT model. For example, a sudden step up disturbance of wind speed from 8 to 12 m/sec is applied to the laboratory model. The performance of the laboratory model of wind-turbine due to this disturbance is shown in Fig.10 illustrating wind speed, reference & actual armature currents and the output power.
The matching between the fluctuating actual current and reference current and, the response of the output power indicate that the design of the laboratory model of wind-turbine is accurate.
B. STATCOM DESIGN
STATCOM is utilized to adjust the inverter voltage to be stabilized with the grid. In order to do so, the output signal of the digital controller (V c ) is fed to a driving circuit to govern the transistor closing duty of the single phase STATCOM. This transistor duty is used to govern the STATCOM active and reactive power which is injected/consumed to the inverter voltage bus-bar. Then, the output voltage of WGS can be regulated to supply active and reactive power to the grid. The wiring diagram of the STATCOM including driving circuit is illustrated in Fig. 11 .
C. RESULTS IN OPEN LOOP MODE
In the following sections the behavior of the wind energy system is discused, without STATCOM, when the stand-alone load is removed and replaced by an infinite bus of constant voltage and frequency. WGS is operated in an open loop mode, in order to demonstrate the response of the system when subjected to a step down disturbance in the wind speed from 9 m/sec to 7 m/sec. The performance of WGS under step down change in wind speed is illustrated in Fig.12 .
From the results, the response of the electrical power generated and the inverter voltage, due to step change in wind speed, is an evident on the validity of WGS design. It can be observed that the system parameters are alternated with the changes in wind speed. In order to regulate the inverter output voltage, regardless of the wind speed variation, a STATCOM is employed to stabilize the WGS voltage that linked to the grid.
D. RESULTS OF WGS WITH STATCOM EMPLOYING PI-CONTROLLER
Proportional plus integral (PI) controller schemes are utilized to enhance the voltage regulation and to minimize the voltage overshoots during wind speed variation. Several experimental tests are performed to adjust the PI-controller gains at optimal operation of the practical system. From these tests, the following gains are selected; K p = 3 and K i = 0.0551. For an example, the performance of WGS with STATCOM under step up change of wind speed from 8 m/sec to 12 m/sec employing PI-controller, is shown in Fig.13 .
From the tests results, it can be observed that the inverter voltage is almost stable but with significant overshoots. In addition, the performance of PI-controller is not the same for all operating circmustances because of its fixed gains.
E. RESULTS OF WGS WITH STATCOM EMPLOYING STFPC.
Self-Tuning Fuzzy Logic PI-controller (STFPC) is the main controller of this work. STFPC is employed to adaptively tune the gains of the PI-controllers, according to the wind speed variations. Seven order membership function of the fuzzy logic controller is considered. Two inputs of the fuzzy controller are employed (error and the error rate of change for the voltage). The scaling gains of STFPC is determined to be G e = 0.01, G er = 0.00001, and G o = 0.01 to archive the aim of the work. For an example, a suddenly step down change in wind speed from 12 m/sec to 10 m/sec is applied and the performance of WGS model is monitored as illustrated in Fig.14. From the tests results, it can be observed that the inverter voltage is stable without overshoots on the contrary of PI-controller which produce significant overshoots.
F. PERFORMANCE COMPARISON
STATCOM is utilized to stabilize the inverter voltage before connected to grid. The main objective of STATCOM is to supply reactive power to preserve the inverter voltage constant at a desired minimum value with the wind speed variations. Two STATCOM-based controllers are employed; PI-controller and STFPC. This section introduces an experimental comparison between the two controllers, when they are utilized via the laboratory model, for two cases of different disturbances. Both controllers are tested with the same constraints and the same operating conditions. The response of the inverter voltage with the two controllers is illustrated in Fig.15 and Fig.16 .
Based on the results, it is obvious the superiority of employing STFPC than using PI-controller. This is due to its effectiveness, and quick response, in reducing overshoots and stabilizing the inverter voltage.
VI. CONCLUSION
In this paper, STATCOM-based controllers for voltage regulation in an electrical network linked to WGS are presented. Modeling of wind-turbine unit coupled with permanentmagnet synchronous generator on the basis of extracting maximum power is simulated. Two different controllers are used in this study; PI-controller and self-tuning fuzzy logic PI-controller. Several disturbances on wind speed are applied to validate the suggested controllers. The results have proven the validity and the adequacy of employing the suggested STATCOM-based controllers in voltage regulation.
Laboratory model of WGS is designed and built to evaluate the use of the suggested controllers. An accurate experimental simulation of wind-turbine unit is modeled using DC motor with an armature current control technique. In addition, uncontrolled converter, DC link, pulse width modulated inverter and grid filter are constructed. Experimental results of WGS employing STATCOM are obtained utilizing the suggested two controllers. The suggested STATCOM-based controllers regulate very well the system voltage behavior when sudden disturbances of wind speed are occurred. Experimental comparison between STFPC and PI-controller is accomplished. STFPC has an outstanding performance over PI. STFPC provids short settling time and overshoots reduction. Generally, significant improvement of the WGS is obtained using STFPC technique.
